A structural assessment by integrating finite-element methods (FEM) and a nondestructive evaluation (NDE) of two flywheel rotor assemblies is presented. Composite rotor A is pancake like with a solid hub design, and composite rotor B is cylindrical with a hollow hub design. Detailed analyses under combined centrifugal and interference-fit loading are performed. Two-and three-dimensional stress analyses and two-dimensional fracture mechanics analyses are conducted. A comparison of the structural analysis results obtained with those extracted via NDE findings is reported. Contact effects due to press-fit conditions are evaluated. Stress results generated from the finite-element analyses were corroborated with the analytical solution. Cracks due to rotational loading up to 48 000 rpm for rotor A and 34 000 rpm for rotor B were successfully imaged with NDE and predicted with FEM and fracture mechanics analyses. A procedure that extends current structural analysis to a life prediction tool is also defined.
INTRODUCTION
Composite flywheels are being developed as an alternative to expensive and short-life chemical batteries. Flywheels promise orders of magnitude increases in performance and service life in many NASA and military applications, including spacecraft, launch vehicles, aircraft power systems, uninterruptible power supplies, and planetary outposts and rovers. 1 Although the technology holds great promise, there remain a number of challenges to overcome, such as rotor certification for safe life, before these advanced flywheels reach operational status. Carbon-fiber-reinforced polymer composites are the materials of choice for energy applications because of the high energy and power densities that they can achieve. 2 Flywheel design topology can also allow a burst failure mode that is relatively benign in comparison with flywheels made of metallic materials. 3 A successful deployment of flywheels must address the long-term durability issue of polymer composites due to the limited availability of their fatigue characteristics and nonlinear behavior especially at elevated temperatures. NDE combined with structural analysis tools are being used to accurately assess the applicability of using various composite materials to design a suitable rotor/flywheel assembly. However, for NDE information to be useful in structural characterization and modeling, the NDE data format must be compatible with microstructural and structural models currently being developed. 4 This paper describes the finite-element analyses and the NDE modality undertaken on two flywheel rotors that were spun to burst speed. Computed tomography (CT) and dimensional measurements were used to nondestructively evaluate the rotors before and/or after they were spun to the first crack detection. CT data findings of two-and three-dimensional crack formation were used to conduct finite-element and fracture mechanics analyses. A procedure to extend these analyses to estimate the life of these components is also outlined.
Rotor test configurations
Two spin-tested rotor configurations were analyzed and scanned. The first was rotor A, a single thick ring that was assembled on a solid aluminum hub. Rotor B, the second configuration, is considered a mass-loaded device. The compressive radial stresses induced by the mass-loading hub help to overcome the poor transverse tensile strength of filament-wound composites; however, the disadvantage is that the circumferential and edge stresses at the inner diameter are increased. The following describes each layout.
1. Pancake rotor assembly A was assembled by U.S. Flywheel Systems, Inc.
§ and the composite rim was manufactured by Toray Fiber, Inc. ** The rim inside diameter (id) is 6.9 in., the outside diameter is 11.5 in., and the height is 2 in. (fig. 1 ). The rim is made of M30G carbon fiber and an epoxy resin system. The radial interference fit between the rotor rim and the solid aluminum hub is 0.014 in. 2. Composite rotor assembly B was manufactured by U.S. Flywheel Systems and is shown in figure 2 . Rotor B has an approximate inside diameter of 8.9 in., an outside diameter of 12.24 in., and a height of 8.5 in. The aluminum hub is designed to mass load the rim and is assembled with an interference fit to reduce radial tensile stresses and to prevent hub and rim separation. The rim is made of Hexel's IM7 carbon and AS4D carbon fiber and a shell epoxy resin mixture. The composite rotor rim is 78.3 percent fiber by weight and 71 percent by volume. IM7 fiber was wound at the inner diameter and outer diameter with AS4D fiber in the central portion. The radial interference fit between the composite rotor rim and the aluminum hub is 0.013 in.
FINITE-ELEMENT ANALYSIS
The loading state of a flywheel includes centrifugal, interference, thermal, and residual stresses. For axisymmetric rotors, analytical solutions are available to solve for the rotor stress state. 5, 6, 7 The superimposed solutions assume plane stress and are only applicable for constant-axial-height, cylindrically orthotropic flywheels unless one uses numerical approaches. 6, 8 Finiteelement analyses are performed when predictions of axial or shear stresses are needed, or if fracture mechanics analysis is to be performed. The ANSYS 9 finite-element code was used to solve the nonlinear, two-and three-dimensional contact analysis, whereas the two-dimensional stress and fracture mechanics analyses were performed with MARC. 10 The material properties were generated using ICAN 11 because coupon test data were not available.
Pancake Rotor A
The MARC and ANSYS pancake rotor A models consisted of plane stress quad4 elements. The choice of the planar representation (plane stress) of a disk allows analysis of nonaxisymmetric rotors (i.e., bolt holes for hub-shaft attachment) and comparison with analytical solutions. An alternative approach would use axisymmetric elements to account for variations in the radial and hoop stresses as a function of axial height. In MARC, the nodes modeling the contact were intentionally offset in the hoop direction and were not radially aligned to accommodate the contact condition set by the MARC code. Using Manson's 8 method modified by Genta 6 coded in FORTRAN, the one-dimensional finite difference stress distribution of the rotor A was solved and compared with the two-dimensional solutions of MARC and ANSYS to benchmark the modeling approaches. 12 
Rotor B
The second mass-loaded hub was modeled in both two and three dimensions, which provided guidance to perform the fracture mechanics analysis in two dimensions. Both finite-element method (FEM) codes, ANSYS, and MARC were utilized to conduct these analyses. The rim stress distribution is clearly three dimensional due to the axial counterbore and its 1/8th cyclic symmetry, creating a nonuniform axial and circumferential mass loading of the hub. The three-dimensional model shown in figure 3 consisted of eight-node brick elements and the two-dimensional-model consisted of both quad4 and quad8 elements and is shown in figure 4 . The two reasons for using both quad4 and quad8 elements to model the rim were that (1) quad4 elements are needed to model the contact region between the hub and rim since higher order elements are not suitable for contact analysis because of a mismatch in stiffness between midside and corner nodes and (2) quad8 elements are required for subsequent fracture mechanics analysis. This however creates a region in which there is a stiffness mismatch between mid-side and corner nodes, although it is a region of low radial stress and not at the contact surface. Quarter symmetry was chosen to facilitate the application of boundary conditions to the X, Y-axes.
FRACTURE MECHANICS
The fracture mechanics analysis was invoked by activating the J-integral parametric option available in the MARC code. This resulted in the calculation of the change in strain energy due to nodal movement near the crack tip. Such quantity is evaluated by numerical integration at each increment for each prescribed nodal movement to determine the derivative of the strain energy with respect to the crack length at the end of each increment.
In addition to overcoming the difficulty that is usually encountered in the finite-element fracture mechanics representation of the solution near the crack tip, the mesh must be modeled so that the singularity is approximated with sufficient accuracy. Many methods have been established to arrive at such an approximation; however, the most commonly employed uses a degenerate form of the standard eight-node quadrilateral element. This method, usually referred to as the "1/4-point node technique,"
12 is also preferred for analyses conducted with the MARC code. It is applied by using an eight-node quarter of the edge length, the edge opposite the crack being kept straight. When these steps are followed, a singularity in the stress field exists in all directions going outward radially from the crack tip.
Stress intensity factor
The calculation of the stress intensity factor K will allow one to determine at which load increment crack propagation occurs. This is done by calculating the elastic-plastic energy release rate, which is confined to a single parameter: the strength of the singularity in the elastic-plastic stress field at the crack tip. The magnitude of K depends on the crack length, the distribution and intensity of applied loads, and the geometry of the structure. Crack propagation will occur when any combination of these factors causes K to be equal to or greater than the experimentally determined material threshold value. 13 The equation that relates K to the energy release rate is
where G is the energy release rate during a small crack extension; W is the strain energy in pounds force per inch per inch; K is the stress intensity factor in thousands of pounds per square inch (Ksi); A = a × b where a and b are the crack length and width in inches, respectively; and E is the modulus in thousands of pounds per square inch (Ksi).
The stress intensity factor is given by
After the functional forms of K have been determined, the state of the stress and displacement near the crack tip region of the structure can be determined. It must be noted, however, that these equations represent a specific provision that describes the general approach to identifying these key parameters. Thus, for polymer matrix composites some modification will be required.
The life prediction computation is based on obtaining the data from the analysis and then applying the Paris relation, which ties the number of life cycles to the crack length and the stress intensity factor 14 and is described by
where N is the number of loading cycles, da is the incremental crack length, c and n are material constants determined from experimental data, and ∆K is the stress intensity factor range (K max − K min ). The loading cycle is defined as a combination of the press fit and the rotational speed loading.
Equations (1) to (3) identify a procedure that would lead to life assessment calculations. However, a fatigue crack growth database would have to be established for these materials to perform a life estimate.
RESULTS AND DISCUSSION
The results generated are presented in this section, which includes details covering each rotor assembly and the corresponding stress output.
Rotor A
The radial stress distributions of the pancake rotor assembly A as predicted by the MARC code are shown in figures 5 and 6 for the entire rotor and for the rim section only. The peak radial stress of 3.4 Ksi at 48 000 rpm occurs at a radial location of 4.35 in. as indicated in figure 6 . The peak rim hoop stress is 141 Ksi at the rim/hub interface. The radial and hoop stress distributions as calculated by ANSYS are shown in figures 7 and 8. The peak radial stress is 3.52 Ksi and the peak hoop stress 135.50 Ksi. The nodal peak radial stress occurred at a location of approximately 1.38 in. (nodal spacing was 0.115 in.) from the inside diameter of the 2.3 in.-thick rim. The variation in radial stress versus radius for several speeds is shown in figure 9 . Note that the location of peak radial stress moves from the outer radius to the center as speed increases because the centrifugal loading continues to offset the compressive preload during assembly. Generally, carbon fiber exhibits an out-ofplane radial strength of 3 to 10 Ksi and 200 to 300 Ksi in the hoop direction. 15 The results of Genta's finite difference method 7 predicted a rim peak radial stress of 3.52 Ksi at a radial location of 4.83 in., which is in excellent agreement with the ANSYS and MARC results as expected. The fiber volume ratio (FVR) was then reduced to 0.63 (but the same density of 0.69 FVR was assumed) to show the sensitivity of reduced stiffness (due to translational inefficiencies, fatigue effects, variations in fiber and matrix properties) on the peak radial stress location. The peak radial stress increased to 3.52 Ksi at the radial location of 4.38 in., a shift of 0.05 in. from the 0.69-FVR results. The peak hoop stress decreased from 135.5 Ksi to 126.9 Ksi. Finally, the residual stress was predicted based upon the cure cycle of the manufactured ring and superimposed with the centrifugal loading case. The peak radial stress with residual included increased to 6.40 Ksi at the radial location of 4.67 in. The residual stress shifted the location of peak radial stress 0.15 in. versus 0.05 in. for a 7-percent change in stiffness.
NDE findings versus FEM of Rotor A
A fter s p in testin g to 48 00 0 rp m ( mas s un balan ce detected) , CT im ag es wer e taken to identif y s tr u ctur al damag e. F ig u re 1 0 s ho ws a CT s can o f the r o to r af ter it w as s p un . A n ev alu atio n o f th e CT image in dicated a cr ackin g of th e ro tor alo n g th e entir e cir cu mf erential d ir ectio n . Th e crack is n ear ly s y mm etrical an d is lo cated at a r an ge o f 4 .4 6 to 4.47 8 in. r ad ial d istan ce. The f in ite-elemen t an aly sis r ep or ted in f ig ur es 6 an d 7 sh ow ed th at th e max im um radial stres s regio n is at a r adial distan ce ran ge o f 4 .3 5 to 5.34 in . Fu r th er m or e, th e peak radial str es s occur red at 4.7 8 in . o r with th e add ition o f estim ated r es id ual s tr ess , at 4 .6 7 in . W ith a 7 -p ercen t s tiff n es s r ed uctio n, th e cr ack w ou ld mo ve farth er tow ard th e center of th e rim to 4 .6 2 in . Becau se of th e s ym metr ical n atur e o f th e crack , w ith accur ate es timates o r m easu rem en ts of s tif fn es s and r esidu al stres s an d ass um ing n o localized str es s co n centr atio ns , the stress an aly sis can b e cor related to crack lo catio n ob s er ved b y th e CT s can, w h ich cor ro bo r ates th at th e FEA is in go od ag reem ent w ith the ND E f in ding s . Th e m etho d r eq u ir es an accu rate deter minatio n o f th e m ater ial p ro p er ties an d r es id ual s tr ess es in the manu factu red s tate to p red ict the p eak r ad ial s tr ess an d po ss ible crack in itiatio n s ite. I n ad d itio n , com par in g the p red icted crack lo catio n with man uf actu r ed m aterial pr op erties and r esidu al stres ses ver su s N DE p ro cedu r es p r ov id es an ad dition al means o f v er if y in g an d con f ir ming serv ice-r elated d am ag e and d esign an om alies typ ically exp er ien ced b y co mp o site stru ctu ral com po nen ts . Figure 11 illustrates the two-dimensional radial stresses for Rotor B at its mid-plane at 34 000 rpm, the speed at which a mass imbalance was detected. The stress distribution is the result of a complicated combined press-fit and centrifugal loading on a nonaxisymmetric structure. The peak rim hoop stress in the 2D model was 94 Ksi. A nonuniform radial stress distribution in the rim near the hub-rim interface developed because quad8 and quad4 elements were used in Marc, creating a mismatch in stiffness between the midside and corner nodes. The nonuniform stress distribution also created convergence problems and tremendous increases in CPU times. Figure 12 shows the three-dimensional hoop stress distribution generated in the flywheel at 34 000 rpm. Note that the hoop stress reaches a maximum value of 113 Ksi at the area of contact between the rim and the hub. The radial stress distribution at 34 000 rpm is shown in figure 13 . Figure 14 shows the Von Mises stresses in the hub with a stress level of 32.4 Ksi at the region adjacent to the holes, which indicates that the hub is very likely to fail at that particular section if a higher rotational load is applied. Figure 15 illustrates the three-dimensional hoop stresses for the rim only at 34 000 rpm. Note that a nonuniform hoop stress distribution is clearly shown. The maximum hoop stress occurs at the axial region below the counterbore of the hub, which can be explained by examining the radial stress distribution. Further, it is noted that high stress region is confined to a 1.92 in. height of the rotor, which coincides well with the crack initiation site reported by the CT scan shown in figure 22. Figure 16 illustrates the three-dimensional radial stresses. Note the axial shift in radial stress due to the counterbore in the hub. The radial stress distribution due to combined residual, centrifugal, and interference loading is illustrated in figures 17 and 18 at 0° and 22.5°. The superposition of the residual stresses creates a region of radial tensile stresses in the rim, while the interference fit and hub slots induce higher hoop stresses in the center than at the top of the rim. At 0°, the stresses decrease axially from the center to the top edge, with the peak radial stress occurring at a radial location of 5.48 to 5.68 in. At 22.5°, the peak radial stress location is nearly a constant 5.15 in. due to the slot cut in the hub.
Mass-loaded hub Rotor B
The peak hoop stress distribution will be reversed as the speed is increased because the centrifugal forces decrease the initial interference preload near the center, and the counterbore mass-loading region of the hub induces higher compressive radial stresses. The mass loading of the counterbore section of the hub will also create higher bending stresses in the rim than that of a solid hub design, and shear stress levels will have to be addressed at the higher speeds. With regard to radial stress magnitude, the peak is 0.3 Ksi without residual stress at a radial distance of 5.51 in (fig. 16 ). In figure 17 , the peak radial stress with residual is 1.3 Ksi at 0°, with the peak radial stress at any given axial location varying from 5.48 to 5.68 in. in the radial direction. At 22.5° (figure 17), the peak radial stress is 1.8 Ksi, 0.5 Ksi higher than the 0° plane, with the peak radial stress at any given axial location nearly constant at 5.15 inch. Because of the slot in the hub at 22.5°, less radial compression is present resulting in a higher radial stress than the 0° plane. The combined residual, assembly, and centrifugal radial stress state appears to be at the lower bound of the expected transverse strength levels and indicates a critical value that causes failure. Higher estimates of the residual stresses would shift the peak radial stresses inward toward the center of the rim, as would a decrease in hoop stiffness that was described in the previous section.
Figures 19 and 20 represent the two-dimensional radial stress distribution of the rotor obtained from the fracture mechanics analysis at a rotational speed of 34 000 rpm. The crack was propagated at the nodal point of the element that exhibited the highest stress as indicated by an earlier three-dimensional stress analysis. An initial crack size of 0.005 in was assumed based upon both data suggested by the CT scan and visual inspection. Furthermore, the crack collected through the CT scan was asymmetric and it replicated the phenomena experienced by the flywheel while undergoing excessive centrifugal loading. In this work, however, to simplify the analytical calculations, the two-dimensional analyses assumed that the crack was being propagated symmetrically with respect to the radial direction and along the circumference of the flywheel.
Additional observations noted in viewing figure 20 are confined to the fact that the stress magnitude at the crack tip grew higher as the crack advanced. The counterbore in the hub is primarily responsible for the high rim bending stresses that contributed to the rotor cracking. Figure 21 presents the energy release rate versus the crack length. A highlighted linear variation (as anticipated) shows that the higher the energy rate, the higher the crack length. Furthermore, this denotes that a higher energy release rate would ultimately lead to unstable crack growth provided that the fracture toughness data of the material demonstrate such a possibility. This scenario will drive the crack to grow until it hits the edge or boundaries. Moreover, this information provides a preliminary guide for performing life analyses when fatigue crack growth data for these materials become available.
NDE findings versus FEM of Rotor B
The NDE-FEA results for rotor B are presented in this section. Figure 22 shows a computed CT scan for the rotor. The scan is a cross-sectional view taken in a direction parallel to the axis of rotation. The defects detected by the CT scan clearly show the two cracks, which vary in axial location because of the variation in the radial stress profile created by the mass-loaded hub and the rotational speed of 34 000 rpm. The view indicates that the cracks are parallel to the rotor axis of rotation, they are asymmetrical along the entire radial direction, and they fall within 5.33 to 5.81 in at the middle section of the rotor. These data are in close agreement with the FE analysis, which initiated peak radial stresses at a radial distance of 5.15 in. at 22.5°a nd between 5.48 and 5.68 in. at 0°. While the crack was asymmetrical along the mid-plane of the rotor as shown in figure 22 , the crack at the bottom of the figure closely follows the mirror image of the stress distribution shown in figure 17. It is speculated that the crack in the lower plane initiated first, and the resulting stress redistribution created the second crack. The variation of radial location is also affected by the circumferential changes in radial stress as shown in figures 16 and 19. Both figures 17 and 18 clearly indicate that the maximum stress region is within the section defined by the CT scan.
Other supporting data relating NDE to FEA are seen in figures 18 and 22. For instance, the stress results shown in figure 18 , which represents the radial stresses in the rim, clearly indicate that the maximum stress region is within the section defined by the CT scan. Figure 18 describes the stress region at the contact side with the hollow hub whereas figure 22 shows the crack locations and variations within the rim. The measurements reported, as obtained from figure 22, once more show that the NDE data correlate well with those predicted by the FEA.
Looking at the data collected from the CT scan and the FEA results allows us to conclude that with a good degree of accuracy, it was possible to detect the crack origination area and its direction. Furthermore, the NDE data assisted us in performing a three-dimensional, finite-element analysis to identify the crack and the maximum stress locations. Such information was greatly needed to grow a crack in the rim for life prediction purposes.
CONCLUSIONS
Two-and three-dimensional, finite-element stress analyses were conducted for two flywheel rotor systems with solid and hollow hubs, respectively. Subsequent two-dimensional fracture mechanics analysis were conducted to trace a crack propagation identified by computed tomography (CT) scans after spin loading to 34 000 rpm. The results were discussed and compared with those predicted by CT. The following conclusions are drawn:
1. The analyses showed that the rotor first crack as detected by the CT scan could be modeled with finite elements provided that the material properties and residual loads are adequately quantified. 2 . In-depth FEA modeling and evaluation of two flywheel rotor systems under spin loading conditions was successfully corroborated with NDE findings. 3. Crack location cited via the CT scan corresponded well with that simulated by the fracture mechanics analysis. 4. Lack of fatigue crack propagation data for the composite materials hindered conducting a life estimate as desired.
Until a fatigue crack growth database is established, a life assessment cannot be completed. 5. Hub design is a crucial factor affecting the durability of the rotor because an improper hub design can result in high bending stresses that in turn result in complex crack propagation behavior. Therefore, the hub designer must try to minimize rim induced bending stresses. 
